Beyond Gaussian Fluctuations in
Galaxies and the CMB
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This talk:

Non-gaussianity from self-ordering scalar fields (w. Caldwell,
Figueroa, arXiv:1003.0672)

Scale-dependent halo bias (w. Schmidt, 1008.0638)
Odd-parity bispectra (w. Souradeep, 1010.4304)

Statistics of CMB non-Gaussianity (w. Smith, Heavens,
1010.0251 and w. Smith, in preparation)



Particle-Astro Interface:

Inflation
Quark Soup
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This talk:

Inflation
Quark Soup
Parting Company
First Galaxies
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Inflation/Early Universe



‘\Nho did the work

Robert Caldwell

Fabian Schmidt
Dani Figueroa



Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years




AT&T:
1965

COBE: BOOMERanG:
1991 2000

...and beyond!!

WMAP:
(2003-present)

Planck:

Even better!!
(launched
May 2009)



Isotropy problem: Why 1s the Universe so smooth?

surface of last scatter

10
10 It-yrs

You are here



Inflation:
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The mechanism: Vacuum energy
associated with new ultra-high-energy
physics (e.g., grand unification, strings,
supersymmetry, extra dimensions....)
V(9)
A

®—

(b)




Inflation prediction #1:
The Universe is flat



Cosmological geometry: The shape of spacetime
General relativity: Matter warps spacetime

“Open,,
(Less matter)

‘‘‘‘‘‘‘‘‘‘ == - 99
e Flat
e TN
:*‘*:‘- ““““““ L S ° [ °
= (critical density)

“Closed”
(more matter)




The Geometry of the Universe

Warped spacetime acts as lens:

“Hat™ “open”  ‘“‘closed”

(MK, Spergel, Sugiyama 1994)



Map of CMB (Boomerang/MAXIMA 2000)

Sizes of hot/cold spots=Universe 1s flat



Inflation prediction #2: Primordial
density perturbations

B lack-hole aralogy
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Inflation predicts power spectrum
5 2
P(k) = (—'0> x ke
p )i

ns =1 — 2e + 67

With



Recent experimental results:

n. ~ 0.95
ne 7 1

At ~3-sigma level



WHAT
NEXT?7?7?



What is new physics responsible for inflation?

What is V(®)??

STOCHASTIC GRAVITATIONAL WAVE
BACKGROUND with amplitude o V12
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038 sec
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Inflation
Quark soup

Nucleosynthesis
Decoupling
First galaxies
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Transparent to gravitational waves



Detection of gravitational waves with
CMB polarization
“E modes”
Temperature map: T(ﬁ) “B modes”

Polarization Map: P(7n) = VA+ V x B

Density perturbations have no handedness
so they cannot produce a polarization with a curl

Gravitational waves do have a handedness, so they
can (and do) produce a curl

(MK, Kosowsky, Stebbins 1996; Seljak, Zaldarriaga 1996)
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And one final prediction: Gaussianity

e Gravitational pote ntial (e.g., Verde, Wang, Heavens, MK, 2000)

® = ¢+ N’

Gaussian field

with fNL<1 (e.g., Wang & MK, 2000)
Fractional departure from Gaussianity:

~ fNL¢rms ~ 10_3 fNL
fu~5 detectable by Planck



. ATIT

Current constraints (WMAP5,SDSS):
|f,,1<100



Inflation doing well

* Geometry
*n"~1
* Gaussian



But standard single-field slow-roll
inflation is a toy model! It cannot be

the whole story!
* Possible embeddings in new UHE physics give
rise to, e.g.,
— Funny kinetic terms (“DBI inflation”)
— Multiple fields (e.g., curvaton)

— Wiggles/bumps/breaks in the inflaton potential
(BSI models or axion monodromy)

— Topological-defect production

—ETC



Next steps (in progress)

*nz1?
 Gravitational waves
* non-Gaussianity



Beyond-SFSR models “predict” (“allow
for”?)

* Departures from standard expectations for n,,
gravitational waves, adiabaticity.....

* Alot more (and more flavors of) non-
Gaussianity



How do we tell if primordial perturbations were Gaussian??
Some earlier work

With abundances/properties of rare objects: e.g., clusters (e.g.
Robinson, Gawiser & Silk 2000; Verde, MK, Mohr, Benson 2001) OF high redshift
galaxies (e.g., Verde, Jimenez, Matarrese, MK 2001) OI voids
(MK, Verde, Jimenez 2009)

Rare objects

)orm here




Non-Gaussianity beyond the PDF: The
Bispectrum

The gravitational potential ® () in early
Universe has Fourier components @z

Power spectrum is Pcb(k) — <|(I);g|2>
Different modes have zero covariance:

(@, @z ) =0 for ki #Fs

Bispectrum is

<(I)E1 (I)EQCI)E3> — B(kh kg, k3)6E1+Ez+E3,6



E.g.,

e Gaussian fluctuations: B=0
* Local model,  — b+ fri (¢2 . <¢2>)
has bispectrum

B(k1,ka,ks) = 2fn1 [Po(k1)Pao(k2) + Po(k2)Po(k3) + Po (k1) Pa(k3)]
or for scale-invariant spectrum,

1 1 1

B(ky, ko, ks) =27, | |
( 1y V2, 3) fl _k%kﬁ% k’%k’% k’%k’%_




Bispectrum is function of triangle
shape:




squeezed

Local
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But there are other possibilities;
e.g., “equilateral” model (from DB

inflation)
Higher Deriv. 1




III

Or the “orthogonal” model (from some
single-field funny-vacuum theories




Self-Ordering Scalar Fields: Another
possibility for new beyond-SFSR
p hVSlCS (Figueroa, Caldwell, MK 2010)

e Consider N-component scalar field,
(I—)) — (¢17¢27”' 7¢N)
with Lagrangian 1
L= 2(0,8)- (0"F) - V(&)
with O(N) symmetry and potenial
V(®) o (|®f° —v?)?



At low T (after SSB), CI—5| = v, but CI; points in
different direction in vacuum manifold SV in
each Hubble volume

* As different regions come in causal contact,
find energy densities |V<I)|2/2 ~ H?2
or fractional density perturbations

T
P HQM%,Z Mpl 1016 GeV
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Perturbations are scale-invariant

Are ~isocurvature (but incoherent), not
adiabatic

Are highly non-Gaussian:

in large-N limit, @' are ~Gaussian, but 6p ~ ®?2
~ (Gaussian)?

Observationally: Cannot be the primordial

perturbations, but may account for ~10% of
primordial perturbations

~10% contribution to primordial perturbations
if GUT scale!



Analytical calculation of bispectrum for this

model (Figueroa, Caldwell, MK, 2010, extending work of Jaffe
1994)

First: <10% contribution to measured Cgs:

U < Mpl
N1/4 ™~ 2000




Bispectrum is

or v n?\° 1
B(k1, ko, k3) = ( : Mﬂl) WQB(klak%kS)

With (Jaffe 1994)

gs(v) = /dl‘uu.ﬁl('ﬁ—w.u)[u +2v-k—2u-k+v* - 2u-v)(2u-v-2v-k-o%
xI(k +v —ul,|u—k|)I(u|k+v—u

+(v* +2u-v")(2u-l-(+2u-v +v° — D) (u,|u+ vl)I('u—l—(i,Iv +ul)|,



which we re-write
dv
(27)
X HZ—v,u+v),

83(k1! k2: k3) = H(u T VY, V)H(V) i o V)



squeezed aligned

equilateral



For those who want to do analyses:

A3 k,
= — — 127
galks ko k) = — 15 (262 - 12772)
2 3
X 947 ks 1770(k—3) + 893(ﬁ) ]
kq kq ki



Quantitatively:

Current NG limits are not constraining,
but effects should be detectable with
Planck if v near current upper limits



Halo Clustering: a powerful new probe

Of nOn'Ga USSia n|ty (e.g., Dalal, Dore, Huterer, Shirokov,

2007; Slosar, Hirata, Seljak, Ho, Padmanabhan 2008; Verde, Matarrese
2008; Schmidt, MK, 2010)



Large Scale Structure

e Observe a LSS tracer
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« Key theoretical problem:

- how to map initial linear fluctuations to observed
non-linear density field of tracer (on large scales)
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In equations: Bias for long-wavelength
fluctuation of wavenumber k:

bL(M7 2 k)

Usual Gaussian
bias

Non-Gaussian
contribution



Use Peak-Background Split:

Separate density field into short-wavelength
modes (<Mpc; halos formed at peaks) and long-
wavelength modes (>Mpc; determine clustering)

Halo abundance is

n — n(M,z;ﬁ[l + 0;(Z)] ,P(ks,(Sz(f)))



Non-Gaussian contribution arises from
coupling of long- and short-wavelength
modes:

05(Z) = 0g,5(Z) + 2fr1Pg,1(Z)dg,s(Z)

so local power spectrum P(k.) now
depends on long-wavelength perturbation
SinceV2¢ = 47rGp, we have ¢ x 6z/k”
Leads to bias b7° oc k% null search with
SDSS constrains | fr1] < 100 (Slosar et al. 2008)



More general bispectra

Curvaton models have,

o :¢‘|'fnl¢2

leading to bispectrum
<<1>(/21)<1>(122)<1>(E3)> — (27)38p (By + Ky + k3) Bk, ko, k3)

with
B(k1, ko, k3) = 2fu [P(k1)P(k2) + P(k2)P(ks) + P(k1)P(ks)]
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But other more complicated inflationary
theories (e.g., with non-standard kinetic

terms) may produce other bispectra
equilateral

\ Higher Dernv. 1
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Self-ordering scalar fields




Schmidt-MK: Generalize for other
(non-local-model) bispectra

Scale-dependent bias depends only on squeezed
limit of bispectrum

No scale-dependent bias for equilateral/SOSF

b~ 1/k for orthogonal model



Technical innovation: Write

3(@) = ¢(@) + far / BGPIW (G — 7,7 — D))

2 S5 ~ — 3—* —_—~ — — ~ — ~ — —_
¢(k) = ¢(k) + fnL (d2:)13 Wk, k — k1)p(k1)p(k — k1)

1 Bqﬁ(kla k27 k3)
2fNL Py1Pp2 + Py1Py3 + PyaPys

W (k1, ko, k3) =



Odd-Parity CMB Bispectra (with T.
Souradeep 2010)

* On full sky

T(h) - mm:/EMMNM

Bispectrum is then :
3
l17l27l3 O< Z ( ms >a11m1al2m2al3m3
{im}
for {Im} that satisfy triangle relations and also
[,+],+l;=even.



Restriction /,+/,+/,=even assumes CMB does
not have a preferred parity.

But can construct bispectrum that probes
parity-breaking 3-pt correlations with
[,+1,+l;=0dd.



Statistic probes difference between correlations
of triangles with opposite parity

(b)




Exotic physics to produce such correlations
would have to be very exotic.

Measurement can be used as null test (a
parity “jackknife” test) or consistency check
for complicated analyses.



Statistics of f_, estimators (w. 1. smith)

Suppose CMB experiment measures f.,=30 with standard
error 0=10. What does this mean?

If PDF for f,,, estimators is Gaussian, then is 30 departure
null hypothesis f =0.

Or if measurement is f, =0 with standard error 0=10 and
errors are Gaussian, then is inconsistent at 3o level
with f, =30.



But are the errors Gaussian?

f , estimator composed of sums of triples of Gaussian
random variables:

j/fn\l = 012%11 Z

I141o+13=0

Ijl_.lTl_:zT’l_;B(lh l2, l3)/fnl
6Q2C, C1,Ch,

Contains “N? >> N (hnumber data points) triples, so
central-limit theorem does not apply, and PDF

N

for fnl not necessarily Gaussian



Monte Carlo results: PDF *is* ~Gaussian if f =0
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But not if f#0

:l 1 I I 1 | |l I 1 I 1 1 1 l:

0.4 —

__ 03F =
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30 departure from null hypothesis does
represent 99.7% CL departure

But more care must be taken in ruling out
nonzero f,, from null result; and null result
actually a bit more constraining than
assumption of Gaussian PDF would suggest



Beyond the bispectrum: The

trispectrum
<(I)E1 (I)EZq)qu)E4> — T(kl, kg, /{37 k4)5

k1+ko -|—E3 -I—E4,6

ki i)

e.g., MK, Smith, Heavens 2011



